Abstract. Updating an earlier account by Dickson et al., (1990), this paper reviews the initial development phase of North Atlantic Deep Water (NADW) production from the points where the dense inflows from Nordic seas cross the Greenland-Scotland Ridge to the point off south Greenland where the buildup of new production appears almost complete. In particular, three long-term current meter arrays totaling 91 instruments and set at • 160 km intervals south from the Denmark Strait sill are used to validate earlier short-term arrays by others and, in combination with these earlier arrays, to describe the downstream evolution of mean speed, depth and entrainment, the variability of the overflow current in space and time, and the likely contribution of the other three main constituents of NADW production at densities greater than tr0 = 27.8. From the points of overflow (5.6 Sv) the transport within this range increases by entrainment and confluence with other contributory streams to around 13.3 Sv at Cape Farewell. While recirculating elements prevent us from determining the net southgoing transport, a NADW transport of this order appears consistent with recent estimates of net abyssal flow passing south through the North and South Atlantic.
Introduction
The global thermohaline circulation, driven by fluxes of heat and fresh water at the ocean surface, is an important mechanism for the global redistribution of heat and salt and is known to be intimately involved in the major changes in earth climate. For example, a partial shutdown of this world-wide overturning cell appears to have accompanied each abrupt shift of the ocean-atmosphere system toward glaciation [Broecker and Denton, 1989] .
In turn, the thermohaline circulation is driven by inputs of dense water from two high-latitude sources, (1) the input of North Atlantic Deep Water (NADW) in the northern North Atlantic and (2) the outflow of Antarctic Bottom Water (AABW) formed at various sites on the continental shelf of Antarctica during austral winter [Warren, 1981] but principally formed (-80%) in the Weddell Sea [Foldvik and Gammelsrod, 1988] .
On the millennial timescales which describe the glacial/ postglacial signal the teaC13 record in benthic forams from Southern Ocean sediments is interpreted as showing radical and rapid change in the production and flux of NADW in the abyssal circulation [Charles and Fairbanks, 1992] . Our knowledge of its present-day production, however, remains poor.
This paper is intended to update an earlier report by Dickson et al. [1990] by describing the renewal, variability (where known), and pathways of the four main constituents of NADW through the northern North Atlantic. The primary aim, however, is to provide a more detailed description than currently exists for the Denmark Strait Overflow component using a large body of new and direct observational evidence. For example, although Worthington's [1970 Worthington's [ , 1976 schemes both imply a 10 Sv DWBC passing through 50øN, they differ so much in detail that the one balances twice as much heat flux at high latitudes as the other (60% and 27%, respectively, of Bunker's value of 87 x 1012 cal s -1 [see McCartney and Talley, 1984, p. 927] ). Moreover, although both of Worthington's [1970 Worthington's [ , 1976 schemes assume that all of the deep water going south through 50øN originates north of the Greenland-Scotland Ridge, McCartney and Talley [1984] discount the importance of these overflows and instead suggest that three-quarters of the deep flow through 50øN is formed in the Labrador Sea (8.5 Sv from deepwater renewal in the Labrador Sea; 2.5 Sv from overflows crossing the Greenland-Scotland Ridge).
The confusion is made worse by some fundamental oversights and errors. As Aagaard and Carmack [1989, p. 14, 494] point out, Worthington's [1970] contention "that the principal water mass transformation in the GIN (i.e., Greenland-Iceland-Norwegian) Sea is the cooling of waters drawn Figure 2 , the more saline of the two overflows is the flow through the Faroe Bank Channel (labeled NEADW), which actually overflows as a relatively fresh source but mixes so intensely with warm saline water from the local thermocline that it carries a high-salinity tag thereafter, even into the western basin. The coldest and densest of the source waters in Figure 2 is the Denmark Strait Overflow (labeled NWABW), which retains its salinity minimum characteristics as it overflows and entrains, largely because of the lesser salinity difference between this overflow and its overlying waters and the increasing influence of the relatively fresh Labrador Sea Water in the entrainment/mixing process.
The fourth main constituent implied in Figure 2 is the Antarctic Bottom Water derivative represented in potential temperature-salinity space by the coldest, freshest classes in Strait sill [Ross, 1975 [Ross, , 1976 [Ross, , 1977 [Ross, , 1978 [Ross, , 1983 Tables 1 and 2 . In these it is important to note that the coordinate system used is not the conventional one, where u and v refer to east and north components respectively. Instead, since the aim is to focus on the along-slope flow and its fluctuations, the coordinate system has been rotated so that u and v refer to flow in the along-slope and cross-slope directions, respectively and are used as such throughout this report. Such a procedure is common in the literature, but whereas components are normally rotated to a fixed regional orientation of slope, the special circumstances off east Greenland force a departure from convention. There the slope is so dissected by canyons that there is no common slope alignment that would be appropriate for all moorings, even those of a single array. .) The obvious conclusion is that the true along-slope flow component can only properly be assessed in this area if we allow our coordinate system to vary according to the local topography around each mooring. Since bathymetric charts are insufficiently controlled for this purpose, we have taken the view that the best guide to the local orientation of the slope is provided by the flows themselves, since these are for the most part strong, steady and sufficiently unambiguous in direction to suggest that they are following topography. Thus in Table 2 the orientation of u is not fixed but is allowed to vary according to the long-term mean flow direction, and the listing for long-term mean speed is the along-slope flow component. In practice a glance at the mean directions column of Table 2 will confirm that within each array there is a sufficient variation in flow directions to suggest that this approach does provide a worthwhile gain in the assessment of the true along-slope component of flow for each record and in the integration of these into an along- Table 2 and are the values used in the along-slope speed plots shown in Figure 11 ). Since Table 2 not infrequently refers to a split record, Figure 5a provides an example in the form of a 200 day low-passed segment from instrument 8805-1. Although the instrument appears to work normally for most of the time, there is an obvious temporaw failure of the speed sensor for a period of 30 days in midrecord from an unknown cause. It would plainly be wasteful of data merely to discard the record from the time of the failure and, providing the bad portion is discarded, the use of the remainder makes little difference to the statistics compiled in Table 2 , since these are simply based on means and deviations from means. Periodicity analysis would obviously require some gap-filling technique, however.
The historical record of direct current measurements is therefore becoming quite extensive. However, the question of variability at a range of timescales must be addressed before 5-and 50-week records can be compared to assess any downstream change in flow conditions, or even before our year-long records from different settings of the Angmagssalik array can be plotted together to form a reliable transport estimate. Since these are our principal aims, the question of variability is described in some detail below.
Temporal Variability
In any given record from the core of the current, the histograms of current speed and direction provide evidence of a strong, steady, well-defined flow with few subthreshold speeds (e.g., Figures 5b-5e) .
Energetic variability at periods of a few days. Though concealed in the types of data presentation given in In the present context of long-term production rates and pathways it is neither relevant nor practicable to discuss the possible causes of this short-period signal or its distribution and coherence across the Greenland Slope. It is worth adding only that these energetic fluctuations may not be wholly dissociated from the deepening overflow plume. The diificulties of measurement are such that we will not easily or soon be able to strengthen this conclusion beyond its present tentative state, and even so it is certainly not intended to apply outside the period of present measurements. It is diificult in such abrupt and dissected topography as the east Greenland Slope to relocate instruments at comparable depths and locations in successive years, so that true time series longer than one deployment are strictly unobtainable. Nevertheless, when we group our available records from the overflow according to their depth range on the slope and plot speeds and directions as 30-day averages 1  1  1  1  1  1  AUO  SEP  OCT  NOV  DEC  JAN  FEB  MAR  APR  MAY  JUN  88  88  88  88  88  89  89  89  89  89 
Sources and Pathways
This section attempts the task of piecing together a dense water transport scheme for the northern gyre from the available direct and indirect evidence and, where possible, of providing some information on its likely reliability.
Since the intention is not merely to include the waters of the Denmark Strait Overflow (fro-27.95 -28.0 [Swift et al., 1980] ) or of the Iceland-Scotland Overflows but also to include the water masses with which they might entrain or merge in forming North Atlantic Deep Water, the density range selected for these transport estimates was intentionally set rather broad to cover the full range of potential densities (fro > 27.8) discussed and described by Swift et al. [1980] . Though this choice might certainly be objected to on the grounds that it is perhaps a little too broad, including as it does the lower part of a recirculating Labrador Sea Water layer in the northwest Atlantic [McCartney, 1992] , it is difficult to select an isopycnal range which would be ideal everywhere for our purpose. It does at least err on the side of inclusion rather than on the exclusion of key components of overflow or their cold and warm water entrainments. The intense isopycnal gradients capping the cold, dense, nearbottom layer at the points of overflow mean that it is as good a choice as any for these sites, and it does cover a density range for which dense water transport estimates have recently been published by others (e.g., Saunders' [this issue] estimate for the CGFZ throughflow).
The dense water transport scheme for the northern gyre described in Figure 13 Between the Angmagssalik array and Cape Farewell the estimated transport at •r0 -> 27.8 increases by an additional 2.6 Sv. The transport scheme of Figure 13 suggests that this relatively small residual imbalance is due to a growing contribution from the deep LDW loop south of Greenland, perhaps with some further contributions from any LSW short circuit not picked up by our Angmagssalik array.
Thus it seems probable that the imbalances between our points of direct measurement are of an order which can easily be met by the deep recirculating flows of the Western Basin, though refining their net contribution to the transport of the DWBC will require the partitioning of each flow into its net southgoing and recirculating components, and these are not known at the present time. consistent pattern of NADW circulation is emerging. We would also agree that this consistency does not imply a diminishing role for direct observations.
Conclusions
The production of NADW is one of the key variables which determine the Earth's response to climate change, acting to moderate the global redistribution of heat and salt. NADW production is itself most vulnerable to change 
